Abstract -A system for the detection of spectral signatures of gases at the Terahertz regime is presented. The system consists in an initially opaque holey metal film whereby the introduction of a gas provokes the appearance of spectral features in transmission and reflection, due to the phenomenom of absorption-induced transparency (AIT). The peaks in transmission and dips in reflection observed in AIT occur close to the absorption energies of the molecules, hence its name. The presence of the gas would be thus revealed as a strong drop in reflectivity measurements at one (or several) of the gas absorption resonances. As a proof of principle, we theoretically demonstrate how the AIT-based sensor would serve to detect tiny amounts of hydrocyanic acid.
Introduction
The first studies of light diffraction from apertures, patterned in metal screens, traces back to the 19th century. At first, the transmission process was believed to be severely impaired for lateral hole dimensions smaller than the wavelength of light, a view that was reinforced thanks to a theoretical prediction by Hans Bethe, reported in the mid 40's last century [1] . The prediction states that the normalized to the hole area transmission (efficiency) through a subwavelength circular hole perforating an opaque and infinitely thin metal screen, transmits a fraction T of the energy power that directly impinges onto the aperture, that at first approximation leads to T % 0.24(r/k) 4 , where r is the hole radius and k the wavelength of light. For a long time this prediction along with the constraints imposed by the diffraction limit of light would result, in practice, in a lack of interest by the scientific community on light transmission through subwavelength apertures. The prediction works fine under the geometrical and material constrains above mentioned [2] , while it fails for many other configurations as the discovery of extraordinary optical transmission (EOT) demonstrated [3] . The phenomenon of EOT consists in the appearance of optical resonances in the transmission spectrum of metal films drilled by subwavelength holes; featuring transmission resonances at spectral locations larger than the cutoff wavelength of the holes, with efficiencies much higher that expected by Bethe's theory, even though the finite metal thickness of real samples would additionally reduce light transmission.
Light transmission through metal foils patterned by subwavelength holes has been a very active topic of research since the discovery of EOT. Important advances in the comprehension of light diffraction by subwavelength apertures have been undertaken along the last years and different physical mechanisms involved in the EOT process were suggested and demonstrated [4] [5] [6] [7] .
The label EOT refers to a wide number of optical effects typically found in holey metal films, among other systems and type of waves [7] . Metallic films drilled by holes may feature EOT in many situations; when the holes are either isolated, randomly distributed, periodically arranged, etc. The local dielectric environment is also important [8, 9] . Depending on the value of the geometrical parameters, the number of holes and their arrangements and the presence of nearby resonant systems (like molecules), the optical transmittance may present resonances due to different mechanisms. These different physical mechanisms are responsible for [10] : surface enhanced EOT, localized EOT, absorptioninduced transparency (AIT), Brewster angle EOT, and enhanced transmission through single apertures in patterned metals.
Here, we present a method for gas detection with Terahertz (THz) waves based on AIT. The AIT-based gas detector consists in a metallic hole array (HA), placed on top of a dielectric substrate (see Figure 2a) where the molecules to be detected are released in the air region, in contact with the HA (see Figure 2c ). Our approach relies on the appearance of spectral features in transmission and reflection induced by the molecular specimen when this fills the holes [11] , conversely to those approaches designed to feature strong resonances at the absorption energies of the molecules [12] and, with typical functionalities based on accurately measuring spectral shifts in the presence of a given substance [13] . To illustrate our proposal we have chosen the HCN gas as the substance to be detected in the air region. Hydrogen cyanide is exhaled by motor vehicles, which is also present in tobacco in low concentrations and is extensively used in industry and manufacturing. This gas can kill a person for !300 ppm concentrations in a few minutes.
Absorption-induced transparency
The phenomenon of AIT was first observed in the transmission spectrum of metallic array of holes when optically active dye molecules were deposited on top of them [14] . Surprisingly, an initially opaque metallic HA may become translucent with the incorporation of the molecular compound, at the spectral range where the molecules strongly absorb electromagnetic radiation. This phenomenon results: from the excitation of surface bounded waves when the molecules form a thin layer on top of the system [15, 16] ; and from the modification of the propagation constant of light inside the holes when the molecules can penetrate into them [11, 16] . Waveguide and surface AIT operate simultaneously when the dye is present both in the holes and on the surface and are found close to the absorption energy of the molecules and exist separately one each other.
Experimentally observed for electronic transitions in the visible range [14] , and subsequently for molecular vibrational transitions in the infrared regime [17] , it was later predicted that AIT could occur also in other frequency bands, as in the THz regime [11] . This prediction has been experimentally confirmed [18] with the use of lithium fluoride as the filling medium, a solid compound with phonon absorption bands at THz [19] .
The AIT-based structure can be seen as a ''metametal'' which optical response can be described by means of a Drude-Lorentz model [11, 20] like in good metals. The Drude term is defined by the geometry, instead of the metal properties [21, 22] , while the Lorentz term in AIT arises from each resonance of the molecules, instead of originating from interband transitions as it happens in metals. This metametal offers high flexibility for tuning either surface or wave-guide mode energies on plasmonic nanostructured arrays simply by the choice of the molecular dye.
AIT-based gas sensor
We have chosen for illustration one of the absorption lines of the HCN gas. Namely, the target absorption line of the HCN compound spectrally located at frequency 1239.89 GHz with a full-width at half maximum of 126 MHz [23] . The contribution to the dielectric constant of HCN from this absorption line is well represented by a Lorentz function in the frequency domain, which provides suitable optical response in the spectral window of interest for this gas, e HCN (m) = e inf À DeX
We obtained
, C = 96.79 GHz, and X = 1239.89 GHz, which enable us to reproduce the experimental absorption spectrum obtained by Bigourd et al. [23] . The experimental sample consisted in a d = 1240 mm length cell containing HCN, at concentration of %210 ppm and Continuos-Wave spectroscopy was used to conduct the measurements (see Figure 1 ; for additional details on the experiments, see [23, 24] ). Transmission was then calculated as:
, and from it e HCN was obtained.
Our theoretical analysis is based on the coupled mode method (CMM), a numerical tool which has been successfully applied to study the optical response of holey metal films [22] . The metals at THz are approximated as perfect electric conductors (PEC) in this work. The particular CMM implementation used is described in the Appendix. The advantages of using this method as compared with other numerical approaches are also discussed later on. In a few words, Maxwell's equations are solved by expanding the electromagnetic (EM) fields in the different regions of space, transmission and reflection coefficients are thus calculated by imposing appropriate boundary conditions.
The AIT-based gas detection scheme can be understood by analyzing Figure 2 . Reflected THz radiation carries information about whether or not a given target substance (here hydrogen cyanide, HCN) is present inside the holes of a holey metal film. The bare holey structure must be designed to be opaque at the spectral range of interest (one of the absorption lines of the molecules). The last prerequisite can be attained in our case, for instance, perforating a thick metal film (1.0 mm) with rectangular holes (a x = 50.0 lm, a y = 120.9 lm) arranged in a rectangular lattice (p x = 80.0 lm, p y = 150.0 lm), the whole structure on top of a transparent [24] . The red solid line shows the analytical result using the dielectric constant for HCN described in the main text.
PTFE (Teflon) substrate, e PTFE = 2.06 [25] . The corresponding numerical result is depicted in Figure 2b . The presence of the gas (Figure 2c ) boosts a strong drop of reflectivity for the HCN concentration chosen (black solid line, Figure 2d ). The performance of the AIT-based detector in terms of HCN concentration is shown in Figure 3a . In this figure the reflection contrast, defined as: DR = R HA À R HA+HCN % 1 À R HA+HCN , is represented as a function of frequency for different HCN molecular concentrations. In the main panel, the maximum value of DR is shown as a function of the density of HCN in the system. In order to exploit the AIT configuration at fixed wavelength and low concentrations, a potential experimental setup should incorporate high sensitivity and spectral resolution detectors, able to discriminate small changes on reflectance at fixed wavelengths. A contrast value of DR max % 10 À4 would be necessary to detect at the 9 ppm level, which for HCN has been considered competitive for THz spectroscopy as compared to chemical analytical methods [24] .
We have checked that the device performance is not impaired even if the film thickness, periodicity and short side of the rectangles are changed by several microns. Figure 3b shows the reflectance calculated as a function of the film thickness (from 0.5 mm to 2.0 mm) for the period and hole dimensions of Figure 2 . The long side of the rectangles would require more precise tuning during the fabrication process, with a tolerance range of approximately ±500 nm, as it is shown in the calculations of reflectance for the bare structure and when the HCN gas is present, Figures 3c and 3d respectively. The AIT-based gas sensor, which action requires both a bare structure with high reflectivity and spectral selectivity once the gas is introduced (only one spectral feature close to the target absorption line, with similar spectral bandwidth), does not work fine for a y > 121.5 lm, as shown in Figures 3c-3d . That accuracy is however perfectly available with current nanofabrication techniques [26] that allowed to produce gaps as small as 2 nm in micro sized structures [27] .
The AIT configuration could operate in transmission or reflection mode (or both) depending on the setup conditions. The gas must fill the holes in both cases, at least partially, for a good performance of the sensor [11] . Definitely, the output region should not contain gas in transmission mode. We have checked that reflectance does not change appreciably if HCN is removed from the transmission region as compared to the situation where the gas is released everywhere, at least for the geometrical parameters investigated here. Note however substrate, e PTFE = 2.06. The THz source is aligned so the system is illuminated at normal incidence from the substrate side (from bottom to top). The electric field points along the x-direction.
that this would not be the case if multiple scattering can not be neglected. In fact, the appearance of the double dip is related with the building up process of reflectance. When multiple reflections of light (going back and forth inside the holes) can be neglected, transmission can be described as a non-resonant three steps process and only one dip in reflection is seen [11] . In that case the reflectance depends only on the Fresnel's coefficients of the I-II interface (surface of illumination). The reflection mode has an additional advantage, the dielectric substrate acts as a shield to prevent HCN leakage from the transmission region to the reflection region, which are thus isolated from each other. In that case, both detector and source could be safely located at the same side, with the molecules dispersed in the transmission zone (a reaction chamber, for instance). Finally, we discuss the advantages of the CMM method as compared to other widely used numerical methods. We have compared the results obtained with CMM with those obtained with the finite-difference time-domain (FDTD) method [28] . To compute the scattering coefficients with FDTD, the different diffracted orders can be obtained by projecting onto diffracted modes in each dielectric half-space. The basic idea consists in finding a way to isolate the current that each wave-vector of the reciprocal lattice carries, as a function of both the wavelength and the polarization state (for further details see [29, 30] and references therein). The PEC approximation is achieved by forcing the parallel components of the electric field on the metal surfaces to be zero. The linear response of HCN is described by a Lorentz function [31, 32] . The infinite periodic hole array is numerically cast into a finite system applying Bloch's condition at the boundaries of the unit cell (x-and y-directions) and imposing ''uniaxial perfect matched layers'' at surfaces parallel to the metal film through the z-direction. Our computational resources (computer memory and clock speed) constrained the FDTD simulations to systems with mesh size not much smaller than 2.5 lm. We could not choose for instance a y = 120.9 lm, so to compare identical structures with both methods a different value was chosen, a y = 120.0 lm. We faced an additional problem: complex values of the dielectric constant of the superstrate are not supported by our FDTD program, so e III = 1 is taken for the sake of comparison. The FDTD result, shown with a dashed line in Figure 2d , converged after several days, whereas the CMM calculation (blue solid line, same figure) took just a few seconds to finish.
Conclusions
A detection method has been presented based on AIT, exemplarily able to recognize the presence of the poisonous HCN gas. Our method is neither constrained to a specific chemical compound nor to the geometrical parameters used. ppm, while in (c) the system is free of gas (bare structure). The geometry of (a) and (b) is similar that of Figure 2 , where a y = 120.9 lm. In (c) and (d) h = 1 mm. In all cases e III = e HCN .
As a component of a sensing device, the AIT configuration would provide field enhancement, introducing further advantages over bulk THz spectroscopy, like chemical functionalization for molecular trapping. The patterning of different holes (periodically arranged or not) with different shapes and sizes on the same sample, each one designed for covering one of several characteristic wavelengths of a single molecular compound (or a mixture of them) might lead to multispectral detection based on AIT. Therefore, the AIT configuration might become a complementary method to existing ones for applications in sensing at THz [13] .
More speculative, AIT-based systems could be exploited in THz field-matter interaction research led by recent advances in intense THz sources [33, 34] . Strong light-matter interactions can take place through intense THz fields. A THz beam can provoke crystal lattice or electron excitations, molecular rotation or charge acceleration, among others. The optical response of an AIT-based device would be affected by any of these mechanisms if the intense THz fields induced changes on the refractive index inside the holes. In the case AIT was induced by the presence of a gas, gas ionization could change the optical response. In crystalline solids supporting phonon modes, high THz fields would provide access to anharmonic parts of the interaction potential that also would change the AIT response. The phenomenon of AIT has been associated to electronic transitions in the visible range, molecular vibrational transitions in the infrared, and rotational transitions in the THz range. In general, AIT could be found in any spectral region whenever the material optical response has a well defined absorption resonance. Therefore the nonlinear response of different materials would affect AIT in very unexpected ways, we hope some of them interesting.
Appendix: Coupled Mode Method
The CMM method provides fast and accurate results as compared to other numerical models widely used in computational electromagnetism.
Next, the CMM implementation used in this work, applied to perfectly conducting HAs, is briefly discribed [22] . As already explained, Maxwell's equations are solved by expanding the EM fields in the different regions of space, transmission and reflection coefficients are thus calculated by imposing appropriate boundary conditions [7] . The metal is chosen to be a PEC (|e metal | = 1), which is a good approximation in the THz regime for geometrical features much larger than the skin depth. The whole space is divided in three regions (see Figure 2a) : (I) the substrate, (II) holes and, (III) the superstrate.
In region (II) the EM field is expanded in terms of TE and TM waveguide eigenmodes. However, good convergence is attained only by considering the less decaying transversal electric mode, TE 0,1 for subwavelength rectangular holes (the fundamental waveguide mode). Within this ''minimal model'', results can be worked out analytically [9] . The in-plane electric field component of the TE 0,1 mode is defined as: within the intervalr jj 2 ½Àa y =2; a y =2 Â ½Àa x =2; a x =2 and zero otherwise, where q y = p/a y is the only component of its parallel wave-vector, being the corresponding propagation constant q z ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi e II g 2 À q 2 y q , with g = 2p/k(e II = e hole ).
In the substrate (e I = e substrate ) and the superstrate (e III = e superstrate ) the EM fields are expressed in terms of plane waves, characterized by the in-plane component of the wavevectork jj ¼ ðk x ; k y Þ and, satisfying the z-component the isotropic dispersion relation k z ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi e I;III g 2 À k 
